The metabolism of cancer cells differs from most normal cells, but how to exploit this difference for patient benefit is incompletely understood. Cancer cells require altered metabolism to efficiently incorporate nutrients into biomass and support abnormal proliferation. In addition, the survival of tumor cells outside of a normal tissue context requires adaptation of metabolism to different microenvironments. Some existing chemotherapies target metabolic enzymes, and there is a resurgent interest in developing new cancer drugs that interfere with metabolism. Success with this approach depends on understanding why specific metabolic pathways are important for cancer cells, determining how best to select patients, and developing technologies for monitoring patient response to therapies that target metabolic enzymes. The articles in this Review series address these issues, with a focus on how altered metabolism might influence tumor progression and how this knowledge might inform the use of new therapies targeting cancer metabolism. Emerging biomarker strategies to guide drug development are also highlighted.
Introduction
Cells have evolved complex regulatory mechanisms to adapt metabolism to match physiological states (1) . Cancer cells co-opt this normal regulation to fuel inappropriate cell proliferation and support survival in abnormal tissue contexts. As a result, the metabolism of tumor tissues differs from that of the normal tissues from which cancer arises (2) (3) (4) . Differences in metabolism represent some of the first known variations identified between cancer cells and normal cells (5) , yet the advantage of altered metabolism for tumors remains a topic of intense study with important clinical implications.
Cancer cells exhibit increased nutrient uptake
Many cancer cells increase glucose uptake, but instead of oxidizing most of this glucose to efficiently generate ATP by oxidative phosphorylation, they instead ferment the excess glucose to lactate. This phenomenon is observed even in the presence of oxygen, and is referred to as the Warburg effect or aerobic glycolysis (2, 3, 5, 6) . Previously, aerobic glycolysis was suggested to be a consequence of mitochondrial damage (7) or an adaptive response to tumor hypoxia (8) . However, mitochondria remain functional in most tumors, and aerobic glycolysis is observed in cancer cells independent of oxygen levels (3, 6) . In fact, numerous studies have described a key role for mitochondrial function in cancer, and it has been suggested that oxidative phosphorylation remains an important source of ATP for many tumor cells (3, 9, 10) . Nevertheless, increased aerobic glycolysis is characteristic of many cancers, and how this metabolic phenotype benefits tumor cells is a topic of debate.
Aerobic glycolysis may allow individual cancer cells to increase production of macromolecules and facilitate the construction of new cells. In support of this idea, aerobic glycolysis is a feature of many rapidly proliferating normal tissues and microorganisms (6) . ATP is necessary to support macromolecular synthesis, but the fractional increase in ATP required to allow proliferation is likely small relative to the amount of ATP cells require to maintain homeostasis. Satisfying the metabolic needs of proliferation beyond ATP production may be one advantage of aerobic glycolysis (10) . Nevertheless, generation of sufficient ATP is necessary for survival of all cells, and the relative contribution of different pathways to ATP production likely varies across cancer types and tumor contexts.
Many normal mammalian tissues rely heavily on the use of nutrients other than glucose, and consumption of alternative fuel sources is observed in some cancer cells. Glutamine is the most abundant amino acid in both serum and cell culture medium, and glutamine is an important source of nitrogen for cells (10, 11) . The carbon skeleton of glutamine can be oxidized to generate ATP and can replenish TCA cycle intermediates to facilitate biosynthesis, a process termed anaplerosis. Finally, in some contexts reductive glutamine metabolism can provide carbon for lipid synthesis (12) (13) (14) (15) . Indeed, after glucose, glutamine is the nutrient most highly consumed by cancer cells in tissue culture (11, 16) . However, emerging evidence suggests that other nutrients, including fatty acids and other amino acids, can also play key roles in some contexts (16) (17) (18) (19) (20) (21) .
Increased nutrient uptake is exploited in the clinic as a way to image tumors. For instance, F-18 fluoro-2-deoxyglucose PET (FDG-PET) can be used to visualize cancers. This technique serves as a measure of glucose uptake in patient tissues by coupling positron-emitting 18 F to an analog of glucose that is taken up and trapped in cells by phosphorylation but is not subject to further metabolism (22) . FDG-PET is most useful clinically as a staging tool and can also be used to monitor therapy response (23) (24) (25) . PET scanning to monitor uptake of other nutrients has also been described in research settings (26, 27) , and labeled glutamine and glutamate analogs are currently in clinical development (28) (29) (30) (31) . These approaches, however, are not necessarily specific to cancer cells, and a better understanding of how increased nutrient uptake supports different stages of tumor progression will be important to exploit metabolism for therapeutic benefit.
Cancer cells use different metabolic programs
While cancer metabolism is often considered as a single entity differing from normal cell metabolism, there is evidence that tumor cells exhibit a diversity of metabolic phenotypes (4, 16-18, 25, 32-35) . Heterogeneous expression of metabolic genes is observed across tissue types, and the metabolic network of an individual tumor more closely resembles that of the normal tissue from which the tumor arose than it does other tumors that develop in different organ sites (4) . This expression pattern may reflect the propensity of cancer cells to adapt the pre-existing metabolic network to support the altered needs of the neoplastic tissue. Indeed, where it has been studied, the metabolic phenotype of tumors is a function of both the genetic lesion driving tumorigenesis and the tissue from which the cancer arose (32) .
Altered metabolism is a consequence of many genetic lesions important for cancer (2, 36) . Expression of oncogenes promotes increased consumption of glucose, glutamine, and proteins and can reprogram metabolism to support cell growth and proliferation (18, (37) (38) (39) . Increasing evidence indicates that tumor suppressor genes function in part through effects on metabolism (19, 40) , and the combination of genetic mutations in specific tissues facilitates altered metabolic regulation to support abnormal tissue growth. Taken together, these studies suggest that multiple genetic events converge to promote proliferative metabolism in cancer cells. However, for most cancers, only a minority of cells are proliferating at any given time in patients, and little is known about how nonproliferating cancer cells adapt metabolism to survive within abnormal neoplastic tissue contexts. A better understanding of these programs will be critical to exploiting altered metabolism to eliminate tumor cells in patients.
Tumor cell metabolism is influenced by external factors
The tumor cell microenvironment can profoundly affect metabolism and influence how nutrients are metabolized (12, 37) . In addition, tumors are composed of a heterogeneous mixture of cancer cells and normal cells, and symbiotic metabolic relationships have been described among cells in both normal and malignant tissue contexts (41) (42) (43) (44) . The complex interplay between genetics, microenvironment, and tissue heterogeneity is a poorly understood aspect of tumor metabolism. In addition, whole body metabolic regulation can affect tumor tissue metabolism, and patients with cancer often have perturbations in whole body metabolism (45) .
Altered organismal metabolism can affect cancer outcomes, as evidenced by the relationship between cancer cachexia and poor patient survival (46, 47) . In addition, there is a survival advantage for diabetic patients taking metformin who also have cancer, when compared with similar patients whose glucose levels are controlled by other means (48, 49) . Powerful homeostatic mechanisms exist at the organismal level to maintain a relatively constant supply of nutrients available to both normal and malignant tissues. While the presence of cancer can influence organismal metabolic regulation, the complex relationship between this regulation and diet complicates translation of nutrient auxotrophies identified in cancer cell line cultures into patient therapies. Incorporating the intricacies of whole body metabolism and metabolic heterogeneity into our understanding of cancer cell metabolism remains a challenge for the field.
Challenges to developing drugs targeting cancer metabolism
Key questions exist regarding how to target metabolic pathways for cancer treatment (36) . First, it is critical to understand in the correct physiological context how metabolic alterations provide a benefit to tumor cells, as this can provide the foundation for developing rational combinations with existing therapies. Next, how best to select patients who will respond to metabolic enzyme inhibitors remains an important issue. Therapies targeting signal transduction pathways have been most successful when patients are chosen based on tumor genetic mutations, but metabolic enzymes are not mutated in most cancers. Technical hurdles associated with measuring metabolism in vivo also complicate the development of surrogate markers for determining whether drugs targeting metabolic enzymes modify their target in tumors. Potential untoward side effects of disrupting normal tissue metabolism are also often raised as a concern, and the role of organismal metabolism in modulating tumor responses to metabolic pathway inhibition adds another layer of complexity. The collection of Review articles in this issue of the JCI addresses many of these challenges.
Several of the Reviews update our current understanding of how altered metabolism influences tumor biology. Michael Pollak touches on the interaction between organismal metabolism and cellular metabolism in reviewing the data surrounding the effects of metformin on cancer outcomes (50) . He discusses ongoing trials to explore the use of metformin in cancer patients and raises issues related to optimizing drug dose, patient selection for specific therapies, and the selection of rational combinations to maximize patient benefit. This Review also explores the broader issue of how the current use of drugs with metabolic targets approved for non-cancer indications might inform how best to target cancer metabolism.
Another example of drug repurposing for cancer treatment is the use of dichloroacetate, which can act in part by interfering with metabolic reprogramming mediated by the transcription factor HIF-1. Gregg Semenza discusses the biology surrounding HIF-1 as an example of how genetic events can have pleiotropic effects leading to metabolic reprogramming and can provide an advantage to tumor cells (51) . This Review also considers how tumor cells adapt to microenvironmental changes in oxygen levels and discusses regulation of angiogenesis as an adaptive response to cell stress, illustrating how physiological context can affect both metabolic regulation and tumor progression.
Ralph DeBerardinis and colleagues review differential nutrient use by cancer cells as another example of how physiological context might affect tumor biology. Their Review focuses on how glutamine is metabolized by cancer cells, but also discusses aspects of glutamine metabolism by normal tissues and how this may affect organismal metabolic changes in cancer such as cachexia (52) . Potential drug targets for interfering with tumor glutamine metabolism are also covered, as are strategies to track glutamine metabolism in patients that could influence patient selection for agents targeting these pathways.
Doherty and Cleveland explore how the propensity of tumors to utilize aerobic glycolysis and generate lactate might be exploited for cancer therapy (53) . This Review includes a discussion of how lactate production and consumption by different cell populations within a tumor could be involved in cancer, and how elevated lactate production alters the tumor microenvironment to favor malignant tissue growth. The article also discusses specific molecules and targets being considered for therapeutic intervention to capitalize on this aspect of altered tumor metabolism.
Patrick Pollard and colleagues discuss the concept of oncometabolites and how changes in metabolism can lead to altered metabolite levels that might promote transformed phenotypes (54) . They examine how oncogenic changes in metabolites can directly affect enzymes and specifically discuss how altered metabolites can perturb the oxidative stress response, in line with recent literature suggesting that modified fumarate levels may allow adaptive responses to different cell environments (55, 56) .
Another cancer-associated metabolite is 2-hydroxyglutarate (2-HG). 2-HG is produced by the mutant isocitrate dehydrogenase (IDH) enzymes characteristic of some cancers. An important theme is emerging whereby metabolism can have a major influence on the epigenetic state (57) . The McKenney and Levine Review discusses the clinical aspects of IDH-mutant acute myeloid leukemia and the relationship between altered metabolism and epigenetic changes that impair differentiation in malignant cells (58) . Magnetic resonance spectroscopy is a way to noninvasively image metabolites and could be a solution to the challenge of tracking metabolism in patient tumors. Andronesi et al. describe the use of this approach to monitor 2-HG in patients with IDH-mutant cancers (59) .
Past successes inform future prospects
Many drugs originally developed as cytotoxic therapies were recognized later to have specific targets in metabolism (25) . The optimal use of these drugs in the clinic was determined empirically, and exactly how these drugs kill cancer cells is still debated. Nevertheless, drugs such as antifolates and nucleoside analogs are mainstays of therapy for many cancers, yet have limited efficacy in other malignancies. In most cases this selectivity for specific cancer types, as well as the variability in response of potentially sensitive tumors, is incompletely understood. Toxicity limits the use of these drugs in some cases, but the fact that a therapeutic window exists for many patients supports the notion that enzymes involved in cell metabolism can be safely targeted for cancer therapy.
Whether novel approaches to target cancer metabolism will be successful in patients remains an open question, but drugs targeting metabolic enzymes will soon be available in the clinic. We can maximize the impact of these new therapies if we embrace the complex issues discussed in this series. For example, how does increased glucose metabolism promote cell proliferation? What role is played by nutrients other than glucose, and under what conditions is use of alternate fuels important? Is there sufficient redundancy in normal tissue metabolism to provide a therapeutic window when some pathways are interrupted? What combination of genetic information, metabolite biomarker levels, and tissue diagnosis is optimal for patient selection? How should patients be monitored for treatment response?
Metabolism unquestionably influences cancer development and progression. The explosion of research to understand cancer cell nutrient utilization will continue to suggest new potential targets. To determine whether this knowledge can be translated into better therapies, we must focus on and further investigate these complexities and challenges in the field moving forward.
